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Genomic imprintingEpigenetic marks at cis acting imprinting control regions (ICRs) regulate parent of origin-speciﬁc expression
of multiple genes in imprinted gene clusters. Epigenetic marks are acquired during gametogenesis and main-
tained faithfully thereafter. However, the mechanism by which differential epigenetic marks are established
and maintained at ICRs is currently unclear. By using Kcnq1 ICR as a model system, we have investigated the
functional role of genetic signatures in the acquisition and maintenance of epigenetic marks. Kcnq1 ICR is
methylated on the maternal chromosome but remains unmethylated on the paternal chromosome. Here,
we show that a paternal allele of Kcnq1 ICR lacking the Kcnq1ot1 promoter remains unmethylated during
spermatogenesis; however, it becomes methylated speciﬁcally during pre-implantation development. Anal-
ysis of the chromatin structure at the paternal ICR in spermatogenic cells and in E13.5 embryonic tissues
revealed that the ICRs of both wild type and mutant mice are enriched with H3K4me2 in spermatiogenic
cells of the testicular compartment, but the mutant ICR lost H3K4me2 speciﬁcally in epididymal sperm and
an increase in repressive marks was observed in embryonic tissues. Interestingly, we also detected a decrease
in nucleosomal histone levels at the mutant ICR in comparison to the wild-type ICR in epididymal sperm.
Taken together, these observations suggest that the Kcnq1ot1 promoter plays a critical role in establishing
an epigenetic memory in the male germline by ensuring that the paternal allele remains in an unmethylated
state during pre-implantation development.
© 2011 Elsevier Inc. All rights reserved.Introduction
DNA methylation is an important epigenetic modiﬁcation that
regulates crucial biological functions such as genomic imprinting,
transposon silencing and chromosomal stability. DNA methylation is
mediated by the cellular DNA methylation machinery, comprising
Dnmt1, Dnmt3a, Dnmt3b and Dnmt3L. DNAmethylation is a dynamic
process during early embryonic development and undergoes parent
and lineage dependent genome-wide changes. Between 8 dpc and
13 dpc of embryonic development, genome-wide methylation pat-
terns, including parental-speciﬁc methylation patterns, are erased in
developing primordial germ cells. New methylation patterns are
established in the later part of germ cell development according to
the sex of the parent. Upon fertilization, most of the genome is epige-
netically reprogrammed (Morgan et al., 2005; Stoger et al., 1993;
Tremblay et al., 1995). At this time, the paternal genome is actively
demethylated within the ﬁrst few hours of fertilization, while they, Department of Genetics and
20, S75185, Uppsala Universi-
. Kanduri).
.
rights reserved.maternal genome is demethylated passively, with every new cell divi-
sion (Mayer et al., 2000; Oswald et al., 2000; Rougier et al., 1998).
This genome-wide demethylation is followed by a genome-wide de
novo methylation event, which occurs between the pre-
implantation morula and the post-implantation gastrula stage
(Weaver et al., 2009). Although genome-wide de novo methylation
and demethylation events occurring at different developmental
stages have been relatively well investigated, the mechanisms under-
lying these events have not been studied thoroughly.
Studies on a subset of differentially methylated ICRs, which dictate
the expression of imprinted gene clusters, have provided greater in-
sights into the dynamics of methylation and demethylation. Genomic
imprinting is an epigenetic phenomenon where imprinted genes are
expressed monoallelically in a parent-of-origin-speciﬁc manner
(Reik and Walter, 2001; Tilghman, 1999). Thus far, more than 100
imprinted genes have been identiﬁed and the majority of them are
organized in clusters, where they are regulated by 2 to 4 kb long
differentially methylated ICRs. ICRs are CpG rich regions
characterized by differential methylation and histone modiﬁcations.
The differential epigenetic marks at ICRs are attained during female
or male germ cell development and are maintained faithfully after
fertilization in all somatic lineages during the rest of development.
In every new reproductive cycle, epigenetic marks at ICRs are
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been shown to attain epigenetic modiﬁcations during germ cell de-
velopment and are termed as germline ICRs (Arnaud, 2010). Interest-
ingly, certain CpG rich regions within the imprinted cluster attain
differential methylation marks during the pre-/post-implantation de
novo methylation event and, hence, are known as somatic differen-
tially methylated regions (somatic DMRs). Unlike the germline ICRs,
which control the imprinting of multiple genes in an imprinted clus-
ter, the somatic ICRs often regulate the imprinting of an overlapping
gene (Mohammad et al., 2008). However, it is unclear what dictates
different developmental points for methylating somatic DMRs and
germline ICRs.
The majority of germline ICRs (including Kcnq1, Snrpn, Mest and
Peg3) are methylated in oocytes prior to ovulation, and only four
out of the 21–22 germline ICRs are methylated in male germ cells
(H19/Igf2, DlK1/Gtl2, Rasgrf1 and Zdbf2) between mitotic arrest and
birth (Bartolomei, 2009; Hiura et al., 2006, 2010; Li et al., 2004;
Lucifero et al., 2004), indicating that germline-speciﬁc mechanisms
maintain differential epigenetic marks at ICRs. Dnmt3a/3L and/or
Dnmt3b have been implicated in the acquisition of methylation im-
prints at ICRs in the maternal and paternal germlines. However, it is
currently unclear how the differential methylation status of ICRs is
established and maintained during germline and somatic differentia-
tion. In addition to DNA methylation, germline ICRs also exhibit
allele-speciﬁc histone modiﬁcations, and several studies have pro-
posed a mechanistic link between DNA methylation and histone
modiﬁcations (Dindot et al., 2009; Fournier et al., 2002; Gregory et
al., 2001; Hu et al., 2000; Lucifero et al., 2004). Indeed, this mechanis-
tic relationship has been probed in a recent report, where Dnmt3L−/−
female mice, which lacked DNA methylation, showed a loss of the
allele-speciﬁc repressive histone modiﬁcations H3K9me3, H4K20me3
and H2A/H4R3me2 in many maternally methylated germline ICRs, in-
cluding the Kcnq1 ICR (Henckel et al., 2009). Moreover, Dnmt3L has
been shown to induce de novo DNA methylation by interacting
with histone H3 tails that are unmethylated at Lys4 (Ooi et al.,
2007). Although the latter data establishes a functional link be-
tween the two types of epigenetic marks, it is unclear whether
DNA methylation or histone modiﬁcations act as the primary epige-
netic mark. The Kcnq1 ICR (KvDMR or IC2), located in intron 10 of
the Kcnq1 gene, is a maternally methylated ICR (Fitzpatrick et al.,
2002). The ICR on the paternal allele is unmethylated and harbors
an actively transcribing promoter for a long noncoding RNA
Kcnq1ot1, which is implicated in the transcriptional silencing of
8–10 protein coding RNA genes, which are located on either side
of the promoter. Thus, the differential methylation of the Kcnq1
ICR determines the parent of origin-speciﬁc expression proﬁles of
genes within the Kcnq1 domain (Mohammad et al., 2008; Shin et
al., 2008). Changes in CpG methylation at the Kcnq1 ICR have been
linked with Beckwith–Wiedemann Syndrome (BWS). About 50%
of sporadic BWS patients exhibit hypomethylation of the maternal
Kcnq1 ICR (Weksberg et al., 2009). BWS is a pediatric disorder of
growth regulation that often results in somatic overgrowth and a
predisposition to embryonal malignancies.
In this study, we attempt to functionally dissect the mechanisms
that protect the paternal allele of the Kcnq1 ICR from de novomethyl-
ation at different developmental stages. We show that the Kcnq1ot1
promoter region regulates the differential methylation of the Kcnq1
ICR. Like the wild-type ICR, the paternal ICR, lacking the 244 bp
Kcnq1ot1 promoter, remains unmethylated during spermatogenesis
but becomes fully methylated by genome-wide methylation during
pre-implantation development. Analysis of the chromatin structure
of the wild-type (WT) and mutant ICRs during spermatogenesis
revealed that both mutant and wild-type ICRs are enriched with
H3K4me2 methylation in testicular spermatocytes, but the
H3K4me2 mark is speciﬁcally lost at the mutant ICR during spermio-
genesis. Moreover, the WT ICR, but not the mutant ICR, retainednucleosomal histones during spermiogenesis, indicating that the
Kcnq1ot1 promoter region contains the information for retaining nu-
cleosomes during spermiogenesis. Collectively, these observations
suggest that the interplay between genetic and chromatin signatures
determines the differential methylation of the Kcnq1 ICR, and in the
absence of the Kcnq1ot1 promoter sequence, the ICR on the paternal
chromosome succumbs to de novo methylation in the early embryo.Results
The Kcnq1ot1 promoter is crucial for maintaining differential
methylation of the ICR at early embryonic stages
The Kcnq1 ICR, a master regulator of imprinting in the one mega-
base Kcnq1 domain, is methylated on the maternal chromosome but
remains unmethylated on the paternal chromosome. The Kcnq1 ICR
maps to intron 10 of the Kcnq1 gene and harbors a promoter for non-
coding RNA, Kcnq1ot1. Kcnq1ot1 is expressed only from the paternal
unmethylated Kcnq1 ICR. The Kcnq1 ICR has two CpG islands: one
(CpG1) maps to the Kcnq1ot1 promoter, and the other (CpG2) maps
to the 890 bp Kcnq1ot1 silencing domain (SD), which is critical for
transcriptional silencing of ubiquitously imprinted genes
(Mohammad et al., 2010). To date, it is not clear whether there are
any speciﬁc sequences within the Kcnq1 ICR that control the estab-
lishment and/or maintenance of differential methylation marks at
the ICR. Previously, several deletions were created within the Kcnq1
ICR, and the effect of these deletions on the differential methylation
of the ICR was investigated (Fig. 1A). Surprisingly, none of the dele-
tions had any effect on the differential methylation of the ICR. For ex-
ample, a 657 bp deletion, which is immediately downstream of the
Kcnq1ot1 promoter, is part of the CpG1 and harbors highly conserved
MD1 repeats (Δrep mouse), had no effect on the differential methyl-
ation of the ICR (Mancini-Dinardo et al., 2006). Truncation of the
Kcnq1ot1 RNA by inserting a transcription termination signal at
1.5 kb (Mancini-Dinardo et al., 2006) or at 2.6 kb (Shin et al., 2008)
had no effect on the differential methylation of the Kcnq1 ICR, indicat-
ing that the full length RNA has no role in the maintenance of differ-
ential methylation at the Kcnq1 ICR. Another deletion, which covers
the CpG2 region and includes the 890 bp SD, also had no effect on
CpG methylation of the Kcnq1 ICR (Mohammad et al., 2010). Since
the Kcnq1ot1 RNA promoter is another important functional element
within the Kcnq1 ICR, we investigated the effect of deleting the
Kcnq1ot1 promoter sequence on the differential methylation of the
Kcnq1 ICR. To test this, we took advantage of the previously reported
Δprom knockout mouse, where a 244 bp fragment containing three
tandemly organized CCAAT elements was deleted from the ICR
(Mancini-Dinardo et al., 2006). First, we investigated the effect of
this small deletion, comprising crucial cis acting elements of the
Kcnq1ot1 promoter, on the differential methylation of the CpG1 re-
gion of the Kcnq1 ICR in E13.5 fetal liver tissues. We found that the
CpG1 region of the ICR was methylated on both parental alleles
when the ICR carrying the promoter deletion was inherited paternally
(Fig. 1B), whereas upon maternal inheritance, the deletion had no ef-
fect on the methylation status of the Kcnq1 ICR (Fig. 1C), suggesting
that the antisense promoter sequences play a critical role in the main-
tenance of differential methylation at the Kcnq1 ICR. To address
whether the gain of methylation at the Kcnq1 ICR upon the promoter
deletion is speciﬁc to the CpG1 region, we also analyzed the CpG2 re-
gion and found a similar gain of methylation, indicating that the en-
tire ICR becomes methylated upon promoter deletion (Fig. S1A, B).
We next investigated the developmental window period in which
the Kcnq1 ICR with the promoter deletion becomesmethylated. InWT
cells, the Kcnq1 ICR acquires methylation during oogenesis, while it
remains unmethylated during spermatogenesis (Fig. 2A and B). We
found that the ICR lacking the Kcnq1ot1 promoter maintained the
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Fig. 1. The Kcnq1ot1 promoter regulates differential methylation of the Kcnq1 ICR. (A) The physical map of the Kcnq1 imprinted cluster. Kcnq1 ICR containing the Kcnq1ot1 noncod-
ing RNA promoter maps to intron 10 of the Kcnq1 gene. The arrow indicates the transcription start site. The transgenic mouse models that were created previously, including the
244 bp Δprom mouse used in this study, are depicted within the 3.6 kb ICR. Thick black rectangles indicate the position of two CpG islands (CpG1 and CpG2) within the Kcnq1 ICR.
We have indicated the regions that were used for DNA methylation analyses and for the chromatin studies presented in the subsequent ﬁgures with thin black bars. Bisulphite se-
quencing analysis of a CpG1 fragment located immediately downstream of the Kcnq1ot1 promoter deletion in E13.5 mouse liver. The parental alleles were distinguished by the size
of the ampliﬁed fragment: the maternal allele (Mat) is 391 bp, whereas the paternal (Pat) is identiﬁed by a 268 bp fragment. (B) Gain of methylation at the paternal allele of the
Kcnq1 ICR containing the Kcnq1ot1 promoter deletion upon paternal inheritance (the WT SD7 female was crossed with the Δprommale). (C) Normal distribution of methylation on
the Kcnq1 ICR parental alleles upon maternal inheritance of the Kcnq1ot1 promoter deletion. The data was collected from two independent biological replicates and experiments
were performed on tissues collected from two different crosses. The solid black circles represent methylated CpGs, and open circles represent unmethylated CpGs.
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unmethylated in mature sperm. This indicates that the deletion of
the antisense promoter sequences had no effect on the establishment
of differential methylation at the ICR during gametogenesis (Fig. 2C, D
and Fig. S1C). This data, together with the data from E13.5 tissues, in-
dicates that the mutant Kcnq1 ICR may be methylated sometime after
fertilization.
To further deﬁne the time at which the loss of differential methyl-
ation occurs in the embryo, we analyzed the methylation status of the
Kcnq1 ICR in E3.5 pre-implantation blastocysts and E7.5 post-
implantation embryos upon the paternal inheritance of the 244 bp
Kcnq1ot1 promoter deletion (Fig. 2E and F). We found that the
mutant Kcnq1 ICR was methylated on both parental alleles in pre-implantation and post-implantation embryos, indicating that de
novo methylation of the ICR already occurred in E3.5 pre-
implantation blastocysts. In contrast, we detected no methylation
changes in the ICR in pre-implantation embryos uponmaternal inher-
itance of the deletion (Fig. 2G), indicating that the promoter sequence
regulates differential methylation of the Kcnq1 ICR and that the Kcnq1
ICR lacking the antisense promoter is unable to resist genome-wide
de novo methylation in pre-implantation development. These obser-
vations collectively suggest that the sequences spanning the anti-
sense promoter attain the epigenetic information in the male
germline to resist de novo methylation in the early embryo, and in
the absence of the Kcnq1ot1 promoter sequence, the ICR on the pater-
nal chromosome succumbs to de novo methylation.
D) Δprom-/- spermC) Δprom-/- oocytes
A) WT oocytes B) WT sperm E) SD7XΔprom-/-, E3.5
Pat
F) SD7XΔprom-/-, E6.5 
Pat
MatMat Mat
Pat
G) Δprom-/-XSD7, E3.5
Fig. 2. TheKcnq1ot1 promoter determines the timing ofde novomethylation. (A–B)Analysis of themethylation patterns of theKcnq1ot1promoter by bisulphite sequencing showed that it
was fully methylated in WT oocytes (A) and unmethylated in WT sperm (B). (C–D) CpG methylation analysis of oocytes (C) and sperm (D) collected from homozygous mice with the
Kcnq1ot1 promoter deletion. (E–F) Methylation status of the Kcnq1 ICR paternal allele in E3.5 (pre-implantation) (E) and E7.5 (post-implantation) embryos (F) upon the paternal inher-
itance of the Kcnq1ot1 promoter deletion. Maternal inheritance of the promoter deletion had no effect on Kcnq1 ICR methylation in E3.5 embryos (G). The data was collected from two
independent biological replicates. The embryonic tissueswere collected from two differentmouse crosses. Epididymal sperm and oocyteswere collected from several animals and pooled.
The solid black circles represent methylated CpGs, and open circles represent unmethylated CpGs. The parental alleles were distinguished as explained in Fig. 1.
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repressive histone modiﬁcations in the embryo and placenta
Since the Kcnq1 ICR lacking the Kcnq1ot1 promoter is methylated
on the paternal chromosome during pre-/post-implantation develop-
ment, and DNA methylation has been shown to inﬂuence local chro-
matin structure via attracting heterochromatin machinery (Jones et
al., 1998), we wanted to examine the chromatin structure of the mu-
tant Kcnq1 ICR in placenta and embryonic lineages. For that, we ana-
lyzed chromatin structure at the Kcnq1 ICR region in E13.5 fetal liver
and placental tissues by assaying active (H3K4me and H3K9ac) and
inactive chromatin modiﬁcations (H3K9me and H3K27me) on both
parental alleles by ChIP-qPCR using allele-speciﬁc primers within
the CpG1 and CpG2 regions of the ICR. We found that in the WT
Kcnq1 ICR, H3K27me3 and H3K9me3 levels were enriched on the ma-
ternal allele (SD7) in comparison to the paternal allele (B6). However,
in the Δprom Kcnq1 ICR, there was an enrichment of H3K27me3
(Fig. 3A and Fig. S2A) and H3K9me3 marks on both the paternal
(B6) and the maternal (SD7) alleles (Fig. 3B). On the other hand, ac-
tive histone modiﬁcations H3K4me3 (Fig. 3C and Fig. S2B), H3K9ac
(Fig. 3D) and H3K4me2 (data not shown) that were normally
enriched at the paternal allele in the WT mice showed a decrease in
both placenta and fetal liver tissues in the Δprom mice. However,
we did not detect any changes in the total histone H3 levels at the pa-
ternal allele of the Kcnq1 ICR between WT and Δprom mice (Fig. S3).
Taken together, the above data suggest that the Kcnq1ot1 promoter is
critical for maintaining active chromatin structure, thereby resisting
repressive chromatin spreading over the Kcnq1 ICR on the paternal
allele.
The Kcnq1ot1 promoter is required to maintain H3K9ac but not
H3K4me2/-me3 levels at the Kcnq1 ICR in spermatogenic cell types
In addition to DNA methylation, germline DMRs are also marked
by chromatin signatures such as H3K27me3, H3K20me3, H3K9me3,
H3K4me2/-me3 and H3K9ac (Hammoud et al., 2009; McEwen and
Ferguson-Smith, 2010). Chromatin marks have long been thought to
have a role in the regulation of CpG methylation. For example,
H3K9me3 and H3K27me3 are thought to be involved in targeting
CpG methylation (Mohn et al., 2008), while H3K4me3 has beenshown to negatively regulate CpG methylation levels (Hu et al.,
2009). Methylated H3K4 is known as a mark of active promoters
and transcription units (Bernstein et al., 2005; Kim et al., 2005).
Since the Kcnq1 ICR lacking the antisense promoter is unmethylated
in the male germline but becomes methylated in the somatic tissues,
we reasoned that the differential histone modiﬁcations might be a
key reason for this difference in DNA methylation levels. To test this
idea, we examined H3K4me2/-me3 levels at the Kcnq1 ICR in testicu-
lar cells fromWT and Δprommice. We found that both of these mod-
iﬁcations were equally enriched at the Kcnq1 ICR in both WT and
Δprom mice (Fig. 4A and B). In addition to H3K4me, we investigated
another active chromatin mark, H3K9ac, at WT and mutant Kcnq1
ICRs in testicular cells from 6- to 8-week-old mice. Interestingly, we
found that, unlike H3K4me3 and H3K4me2, H3K9ac levels were re-
duced in the mutant Kcnq1 ICR compared to the WT ICR (Fig. 4C).
By using an episomal-based cell culture system, we previously docu-
mented that the NFY transcription factor interacts with the Kcnq1 ICR
and regulates the antisense promoter activity (Pandey et al., 2004). In
addition, p300, a histone acetyltransferase responsible for the acety-
lation of lysine 9 of histone H3 (H3K9ac), has been shown to be one
of the NFY interacting partners (Caretti et al., 2003). We detected
loss of NFY and its interacting partner p300 binding to the Kcnq1
ICR in testicular cells and in somatic lineages in Δprom mice
(Fig. 4D and Fig. S4A–B). These observations, taken together indicate
that the NFY and p300 transcription factors could be involved in the
maintenance of H3K9ac but not H3K4me at the ICR.
Enrichment of CpG binding protein CFP1 at the Δprom Kcnq1 ICR
correlates with high levels of H3K4 methylation in testicular cells
In a search of the proteins that maintain H3K4me2 and H3K4me3
levels at the Kcnq1 ICR, we performed ChIP on WT and Δprom testis
chromatin material using an antibody against CFP1. CFP1 was recent-
ly shown to be enriched at unmethylated CpG island regions and is
important for maintaining H3K4me3 at the CpG islands by recruiting
H3K4-speciﬁc methyltransferases (Thomson et al., 2010). We found
that both WT and Δprom Kcnq1 ICRs were enriched with CFP1 in tes-
ticular cells (Fig. 5A), in agreement with the observation that
H3K4me3 and H3K4me2 active marks are maintained at the Δprom
Kcnq1 ICR.
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Fig. 3. The Kcnq1 ICR lacking the Kcnq1ot1 promoter acquires repressive chromatin conﬁguration in the somatic lineages. ChIP was performed on the crosslinked chromatin from the
E13.5 liver and placental tissues dissected from the WT (SD7×B6) and Δprom (SD7×Δprom) crosses using antibodies against different repressive (H3K27me3 and H3K9me3) and
active (H3K4me3 and H3K9ac) chromatin marks. qPCR was performed with allele-speciﬁc primers detecting the SD7 (maternal) or B6 (paternal) alleles of the CpG1 region. Graphs
were plotted as the relative enrichment over IgG on each of the parental alleles. The acquisition of repressive chromatin marks H3K27me3 (A) and H3K9me3 (B) at the paternal
allele of the Kcnq1 ICR in liver and placenta from E13.5 Δprom embryos compared toWT embryos. The levels of active chromatin marks H3K4me3 (C) and H3K9ac (D) were reduced
at the paternal allele in both placenta and liver samples from E13.5 Δprom embryos in comparison to WT embryos. Data represent mean±standard deviation of analyses obtained
from three independent ChIP experiments performed on tissues collected from three different mouse crosses. Enrichment over the B6 allele (paternal) in the placenta and liver
tissues of WT was compared with Δprom mice using an unpaired t-test (* indicates a p valueb0.05).
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Kcnq1 ICR, or whether their association is a common feature among
the paternally unmethylated ICRs. First, we compared the active chro-
matin mark H3K4me2 at the paternally unmethylated ICRs with the
maternally unmethylated ICRs in the testicular compartment andfound that the enrichment of H3K4me2 at the ICRs correlates with
their unmethylated state in the male germline (Fig. 5B). Analysis of
CFP1 at the paternally and the maternally unmethylated ICRs in the
male germline revealed that the paternally unmethylated ICRs
(methylated on the maternal alleles) enriched with the H3K4me2
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Fig. 4. Kcnq1ot1 promoter deletion has no effect on H3K4 methylation in testicular cell types. ChIP assays were performed on the formaldehyde crosslinked chromatin from testic-
ular cells, isolated from 6- to 8-week-old WT (SD7) and homozygous Δprom males, using antibodies against H3K4me2, H3K4me3, H3K9ac and NFYA. We found no signiﬁcant dif-
ference in the enrichment of H3K4me3 (A) and H3K4me2 (B) at the Kcnq1 ICR in testicular cells from WT and Δprom mice (p=0.86 for H3K4me3 and p=0.33 for H3K4me2),
while there was a signiﬁcant decrease in H3K9ac levels, along with NFYA binding, in Δprom males compared to WT (C, D). The data represent two independent experiments per-
formed on tissue material collected from different animals. Enrichment over the ICR in WT and Δprom cells were compared using unpaired t-test (* indicates a p valueb0.05).
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ICRs (unmethylated on the maternal alleles), which were less
enriched with H3K4me2, showed reduced association with CFP1
(Fig. 5C), suggesting that CFP1 may maintain the active conformation
of the paternally unmethylated ICRs via regulating H3K4me levels.
The Kcnq1ot1 promoter sequence maintains active chromatin at the ICR
during spermiogenesis by retaining nucleosomes
We next determined the levels of H3K4me2 in epididymal sperm
to assess whether the high levels of H3K4me2 observed in testicular
cells are maintained in epididymal sperm. It is known that during
spermatogenesis, the chromatin structure of sperm undergoes
major restructuring, where most nucleosomes are replaced with
protamines (Miller and Ostermeier, 2006). It has recently been
shown that a moderate level of H3K4 methylation containing nucleo-
somes was maintained throughout the Kcnq1 imprinted cluster, but
not in the adjacent region lacking imprinted genes (Hammoud et
al., 2009), indicating that H3K4 methylation could be one of the pri-
mary epigenetic marks responsible for maintaining the methylation
free CpG islands within the Kcnq1 ICR. When we assayed epididymal
sperm for the presence of H3K4 methylation, we found that the
Δprom Kcnq1 ICR showed reduced enrichment of H3K4me2 com-
pared to the WT Kcnq1 ICR (Fig. 6A), indicating that the mutant ICR
speciﬁcally lost H3K4 methylation during sperm maturation.
This loss of H3K4methylation was speciﬁc to the Δprom Kcnq1 ICR
because the Snrpn imprinted promoter, constitutively expressed gene
promoters GAPDH, and p15 (Ink4B) (Kia et al., 2008) were signiﬁcant-
ly enriched with H3K4 methylation, whereas the H19 ICR, used as a
negative control for the experiment, did not show any signiﬁcant en-
richment in H3K4methylation levels (Fig. 6A). We next examined thelevel of nucleosomal histones at the WT and mutant ICRs using an an-
tibody against histone H3 and found that the level of nucleosomal his-
tones in the mutant ICR was reduced compared to the WT ICR,
whereas nucleosomal levels at the GAPDH gene were unchanged
(Fig. 6B). From this observation, it appears that theWT ICR containing
the promoter sequence maintains H3K4 methylation by retaining nu-
cleosomes at the ICR, while the mutant ICR lacking the promoter se-
quence speciﬁcally lost H3K4 methylation via the loss of
nucleosomes during spermiogenesis. We also assessed Kcnq1ot1 tran-
scription in epididymal sperm and compared it to expression levels in
placental tissue. We detected Kcnq1ot1 expression in sperm but not
from the ﬂanking genes Cdkn1c and Kcnq1 (Fig. 6C).
Discussion
Allele-speciﬁc differential methylation is a characteristic feature of
all imprinted regions and is the most studied regulatory epigenetic
mark that deﬁnes the parental origin of imprinted genes. It is
known that the differential methylation of germline ICRs is estab-
lished in germ cells and is maintained upon fertilization, whereas
methylation is acquired during early embryonic development in the
case of somatic DMRs (Bartolomei, 2009). We show that there are dif-
ferent layers of genetic and epigenetic signatures that protect the
Kcnq1 ICR from methylation in the germline and somatic compart-
ments. The promoter region of the Kcnq1ot1 noncoding RNA is crucial
for postzygotic maintenance of paternal imprints. Though regions
previously deleted (890SD and 657 repeat deletion) within the ICR
had no effect on ICR methylation (Mancini-Dinardo et al., 2006;
Mohammad et al., 2010), the loss of differential methylation in the
pre-implantation embryos carrying a 244 bp Kcnq1ot1 promoter dele-
tion indicates that transcription factor binding sites in the Kcnq1ot1
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409N. Guseva et al. / Developmental Biology 361 (2012) 403–411promoter sequence, or the process of transcription, may act to protect
against post-fertilization genome-wide de novo methylation. It is,
however, interesting to note that methylation at the Kcnq1 ICR lack-
ing the Kcnq1ot1 promoter occurred upon fertilization, but not in
the male germline, despite the fact that the DNAmethylationmachin-
ery is active in the male germline and methylates some of the germ-
line ICRs like H19, Dlk1/Gtl2 and Rassgrf1a. Since H3K4me has been
shown to be negatively correlated with DNA methylation (Hu et al.,
2009; Thomson et al., 2010), a lack of DNA methylation at the Kcnq1
ICR in testes cell types could be due to the presence of high
H3K4me2/me3 levels. Interestingly, establishment and maintenance
of H3K4me2/-me3 in testes cell types are not dependent on the
Kcnq1ot1 promoter sequence. However, the Kcnq1ot1 promoter se-
quence is required to maintain H3K4me2/-me3 levels during sper-
miogenesis by retaining nucleosomes. It is likely that the speciﬁc
loss of H3K4 methylation during spermiogenesis predisposes the mu-
tant ICR to de novo methylation during pre-implantation develop-
ment. Our study also suggests that the ICR sequence harborsinformation to maintain differential methylation in a parent of origin
speciﬁc manner and this observation is consistent with that of the
H19 ICR, which also maintains allele-speciﬁc methylation even at a
heterologous position (Gebert et al., 2010).
Enrichment of CFP1 and H3K4me in both WT and Δprom Kcnq1
ICRs in spermatogenic cell types represent a regulatory mechanism
that seems to protect the ICR from germline-speciﬁc de novomethyla-
tion of the Kcnq1 ICR paternal allele. This epigenetic modiﬁcation,
along with the Kcnq1ot1 promoter, represents synergistic and nonre-
dundant mechanisms used to maintain the unmethylated state at
the Kcnq1 ICR at different developmental time points. The binding of
CFP1 is not speciﬁc to the Kcnq1 ICR; rather, it binds to the majority
of paternally unmethylated ICRs (methylated on the maternal allele),
suggesting that its binding may be a common feature of paternally
unmethylated ICRs. CFP1 has been shown to bind to CG rich sequences
and recruit H3K4-speciﬁc methyltransferases (Tate et al., 2010). Since
the majority of the germline ICRs harbor CpG rich sequences, it is like-
ly that CFP1 is recruited to the paternally unmethylated ICRs via CpG
rich sequences, thus establishing and maintaining H3K4me during
male gametogenesis. Loss of differential methylation of certain pater-
nally unmethylated ICRs in knockout mice of KDM1B, a H3K4-speciﬁc
histone demethylase, further emphasizes the complex functional in-
terplay between H3K4 methyltransferases and CpG methylation
(Ciccone et al., 2009). The loss of differential methylation at the
Kcnq1 ICR in the early embryos of Δprom mice suggests that the
Kcnq1ot1 promoter sequence plays a crucial role inmaintaining differ-
ential methylation during early embryonic development. The 244 bp
deleted promoter region harbors three tandemly arranged NFY bind-
ing sites, which have been shown to play a central role in the Kcnq1ot1
transcription in human choriocarcinoma cell line JEG-3 (Kanduri et al.,
2002). H3K9ac and p300 levels are maintained in a Kcnq1ot1
promoter-dependent manner, suggesting that NFY could be involved
in the maintenance of H3K9ac levels by recruiting p300. This NFY-
dependent maintenance of acetylation and CFP1/H3K4me seems to
play a critical role in preventing de novomethylation of the ICR during
pre-implantation development. Collectively, the above observations
demonstrate that the Kcnq1 ICR is an ideal model system for under-
standing the functional role of genetic and chromatin signatures in de-
termining differential methylation.
Materials and methods
Mice and crosses
The Δprom and WT mice used in this study were derived from
Mus musculus (B6). WT SD7 is a congenic strain containing the distal
chromosome 7 of Mus spretus in the Mus musculus background.
Oocyte and blastocyst isolation
The 3–5-week-old WT and Δprom female mice were superovu-
lated by injecting 5 IU of Pregnant Mare Serum Gonadotrophin
(PMSG (Folligon, Intervet)) and 5 IU of human Chorionic Gonadotro-
phin (hCG (Chorulon, Intervet)), followed by PMSG injection after
48 h. On the next day, we collected oocytes from the superovulated
mice. For blastocyst isolation, the superovulated female mice were
mated with male mice, and the blastocysts were isolated at E3.5 by
ﬂushing the uteri of the vaginal plugged female mice. The individual
blastocysts were picked and pooled. For DNA isolation, 80–100 oo-
cytes or 5–10 blastocysts were incubated in DNA lysis buffer
(50 mM Tris–HCl, pH 8, 10 mM EDTA, 1 M NaCl, and 0.5% SDS) with
80 μg/ml of proteinase K for 3 h at 55 °C with the addition of 500 ng
of herring sperm DNA as a carrier. DNA was extracted using the stan-
dard phenol–chloroform method and precipitated using 100% etha-
nol. The DNA pellet was dissolved in 20 μl of sterile water and used
for bisulphite conversion.
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Bisulphite sequencing was performed to analyze CpGmethylation.
For that purpose, 1 μg of genomic DNA was treated with sodium
bisulphite using Epitect bisulphite kit (Qiagen). The CpG1 and CpG2
regions in the Kcnq1 ICR were ampliﬁed from the converted DNA
using the primers listed in Table S1. For ampliﬁcation of paternal
and maternal alleles of the CpG1 fragment, the following strategy
was used. Primers Kcnq1_CpG0F and Kcnq1_CpG1R, which anneal
to sequences outside of the 244 bp deletion site, were used to amplify
the allele carrying the deletion. The PCR product of 268 bp was puri-
ﬁed on the gel. For ampliﬁcation of the WT allele PCR, the product
from the ﬁrst round was used for nested PCR with primer
Kcnq1_CpG1F (which is positioned within the deletion site) together
with primer Kcnq1_CpG1R. The 391 bp product was puriﬁed on the
gel. For ampliﬁcation of the converted DNA from CpG2, the speciﬁc
primers used are listed in Table S1. We used a single nucleotide poly-
morphism within the ampliﬁed region between the SD7 and B6 mice
to identify the parental alleles. PCR products were cloned into the
pGEMT-easy vector system (Promega). Individual clones were se-
quenced and the methylation pattern of each clone was analyzed
using the BiQ analyzer (Bock et al., 2005).
Chromatin immunoprecipitation (ChIP)
ChIP was performed as described earlier (Kanduri et al., 2006). In
brief, placenta and liver tissues were dissected from E13.5 fetuses,
while testes were dissected from 6- to 8-week-old male mice and sin-
gle cell suspensions were made using a cell strainer (Millipore). For
single cell suspensions of testicular cells, tunica albunigea was re-
moved and the seminiferous tubules were released to prepare thesingle cell suspension using a cell strainer. We performedmicroscopic
inspection of the testicular cells used for the ChIP analysis and identi-
ﬁed more than 90% of spermatogenic cell types, whereas somatic cell
populations, like Sertoli cells, were present in smaller amounts (5–
7%), consistent with earlier observations (Bellve et al., 1977). Isolated
cells were crosslinked using 1% formaldehyde at room temperature
for 10 min, followed by the addition of glycine to a ﬁnal concentration
of 125 mM. Cells were washed twice with cold PBS and lysed using
cold lysis buffer (10 mM Tris–HCl pH 8, 10 mM NaCl, and 0.2%
NP40). The nuclei were resuspended in nuclear lysis buffer and the
chromatin was sonicated to a fragment size of 100 to 500 bp. The
chromatin was pre-cleared by incubating with protein A beads for
2–3 h at 4 °C. Three micrograms of the H3K27me3 (Upstate, Milli-
pore), H3K9me3 (Upstate, Millipore), H3K4me3 (Upstate, Millipore),
H3K4me2 (Upstate, Millipore), H3K9ac (Upstate, Millipore), NFY-A
(Santa Cruz Biotech), p300 (Santa Cruz Biotech), CFP1 (Santa Cruz
Biotech) or rabbit IgG (Upstate, Millipore) antibody was added to
30 μg of chromatin and incubated at 4 °C overnight with gentle shak-
ing. The antibody–chromatin complexes were precipitated by incu-
bating with protein A beads for 1 h at 4 °C. The chromatin was
washed with low and high salt buffers and eluted in TE at 65 °C. The
chromatin was then reverse-crosslinked by adding 5 M NaCl and in-
cubated at 65 °C for 4 h. The immunoprecipitated DNA was puriﬁed
using the phenol–chloroform extraction method. Extracted DNA
was used for quantitative PCR (qPCR), performed with the primers
listed in Table S1, and the data were plotted as enrichment over IgG.
Native chromatin immunoprecipitation (NChIP)
Epididymal sperm were collected from cauda epidydimis of adult
(3-month-old) WT and Δprom male mice and motile sperm were
411N. Guseva et al. / Developmental Biology 361 (2012) 403–411collected using standard swim-up procedure. Native chip was per-
formed as described (Zalenskaya et al., 2000) on 40 million motile
sperm that were pooled from 2 to 3 animals. Brieﬂy, epididymal
sperm were collected and washed twice with cold 1× PBS containing
1 mM PMSF. Sperm nuclei were isolated by incubating sperm for
10 min in 0.5% Triton-X-100, washed twice, and incubated with
10 mM DTT at 37 °C for 30 min. Nucleosomes were isolated with
three sequential MNase treatments of 2, 3 and 5 U in 0.6 mM CaCl2.
The reaction was stopped with 5 mM EDTA and the released chroma-
tin fragments were isolated from the pelleted fraction by centrifuga-
tion at 10,000 g for 3 min. Approximately 7–10 μg of chromatin was
used for each immunoprecipitation. The salt concentration was ad-
justed to 50 mM NaCl, 20 mM Tris, pH 7.5, pre-cleared with protein
A beads for 1 h, and incubated either with anti-H3K4me2 antibody
or anti-histone H3 antibody at 4 °C overnight. Chromatin–antibody
complexes were captured with 50 μl of 50% protein A slurry for 2 h,
and washed three times with 50 mM Tris–HCl, pH 7.5, 10 mM EDTA
and increasing concentrations of NaCl (75, 125 and 175 mM). The
complexes were eluted with washing buffer containing 1% SDS at
50 °C for 20 min, incubated with 100 μg/ml proteinase K, and DNA
was extracted using the phenol–chloroform method. qPCR analysis
of the puriﬁed DNA was performed using the primers listed in
Table S1.
Supplementary materials related to this article can be found on-
line at doi:10.1016/j.ydbio.2011.11.005.
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